Power banks are used to charge portable electronic devices, including smartphones and tablets. However, customers' expectations are often not realized in terms of the actual delivered capacity of the power bank; it is often far less than the value specified on the product. This paper discusses the specifications of power banks and assesses two power banks in terms of advertised and actual capacity. Recommendations on how to correctly specify (advertise) capacities are then provided.
I. INTRODUCTION
A power bank is a portable battery system which is used to provide energy to portable appliances including smartphones and tablets. The need for power banks arose primarily with the trend to make smartphones compact and light [1] , which limited the space for batteries, resulting into limited battery runtime. As a result, many customers opted for power banks to enable them to portably charge their devices. In addition, most smartphone manufacturers don't allow for easy and inexpensive replacement of batteries, and since batteries eventually suffer from capacity fade, having a portable charger becomes a needed accessory for older devices.
Today, power banks come in various shapes and sizes, and are a common source of battery backup [2] . The global power bank market reached a value of US$ 9.8 Billion in 2018 and is projected to reach US$ 29.5 Billion by 2024 [3] .
The power bank typically consists of a battery cell or pack in a case with circuitry to control power flow and voltage levels. The power bank can store electrical energy (deposit it in the bank) and use this energy to charge up another (e.g. mobile) device (withdraw it from the bank) [4] . Figure 1 shows a typical schematic of a power bank circuit. The fundamental building block is the battery cell, which is most often today based on a lithium-ion (Li-ion) chemistry, due to its high energy density, low self-discharge rate and long cycle life. A power bank will typically consist of one or more battery cells connected in series and/or parallel. Cells are connected in series to increase the voltage of the pack; cells are connected in parallel to add capacity (amount of stored charge) of the pack. DC-DC converters are also included in The associate editor coordinating the review of this manuscript and approving it for publication was Derek Abbott . the power bank to regulate and manage the charging and discharging of the battery.
Power bank manufacturers usually specify electrical parameters such as capacity, voltage and energy, as part of the marketing of the product. Capacity of a battery is defined as the amount of charge that a fully charged battery can deliver and is a key factor in a customer's decision to purchase a power bank. UL Standard 2056, titled ''Outline of Investigation for Safety of Power Banks'' [5] instructs power bank manufacturers that the capacity of a power bank, measured at the output port(s) at the rated current, 20 • C and cut-off conditions, should be specified. Unfortunately, while customers depend on the power bank manufacturer to provide accurate capacity information, some power bank manufacturers neither follow the standards nor provide accurate capacity information.
This paper discusses the key issues associated with the assessment of capacity in power banks. Two power banks are used as case studies, to showcase how the advertised and actual capacity, determined from experimental measurements and tear-downs, can differ. Recommendations are then provided on how to correctly specify capacities of power banks.
II. POWER BANK SPECIFICATIONS
In order to understand the current practices on power bank specifications, two power banks were purchased. Figure 2 shows a power bank model RP-PB41 from RAVPower ($57.99). Figure 3 shows a power bank model RP-PB052 from RAVPower ($41.99). These two models are used to illustrate specifications of power banks including certifications and electrical performance parameters.
As shown in Figure 2 and Figure The FCC is responsible for rating personal computers and other equipment as either Class A (official/industry use) or Class B (any use) [6] , indicating how much radiation the equipment emits. The power bank is rated as Class B, which means that the product is intended for use in a residential environment and must meet much stricter radiation emission limits than the Class A products [7] .
The CE marking is a European marking of conformity, indicating that the product complies with the essential requirements of the applicable European laws or directives with respect to safety, health, environment, and consumer protection [6] . The CE marking demonstrates that a product complies with a common set of laws required by all the countries in the European Economic Area to allow free movement of trade within these countries. CE marking is intended to add a level of safety for consumers and other end-users [8] .
The RoHS directive aims to restrict certain dangerous substances commonly used in electronic and electronic equipment [9] that would do harm to human health. The crossed-out trash bin refers to European WEEE Product Directive, mandating that the device be recycled or disposed of in a responsible way because of the environmentally detrimental materials it contains [9] . RoHS supports WEEE by reducing the amount of hazardous chemicals used in production and WEEE supports assessment of the risk of exposure to electronics materials and products for recycling [10] .
The PSE marking is guided by ''The Electrical Appliance and Material Safety Law'' (DENAN) established by Japan's Ministry of Economy, Trade and Industry (METI) to regulate the safety of electronic and electrical products (Categories A and B). Products classified under Category A need to pass conformance testing with a Registered Conformity Assessment Body before the manufacturer or importer can affix the Diamond PSE Mark on the product. The Circle PSE Mark applies to the products classified under Category B, in which case the manufacturer and importer of these products can self-declare conformity by testing to DENAN's technical requirements at the manufacturing stage [11] .
In each of the two power bank models examined, there was 1 input port used for charging the power bank and 3 output ports used for charging the load (e.g. smartphone or other devices). The simplified schematic of the power bank is shown in Figure 1 , where V b is the voltage of the battery inside the power bank and V out is the output voltage of the power bank. The output voltage (V out ) is a constant voltage that the power bank supplies at output USB port. The manufacturer claims that the electrical circuit (DC-DC converters) provides high temperature, short-circuit, over-charging, and current-surge protection [12] . Figure 4 shows the X-ray image of the model RP-PB41, where 8 cylindrical cells are connected in parallel. Battery terminals are connected to the circuitry that consists of charging and discharging converters. Figure 5 shows the X-ray image of the model RP-PB052, where pouch cells are used and battery terminals are connected to the converters. Some companies use cylindrical cells (as opposed to pouch cells) for ease of manufacturing. The cylindrical cells can also withstand high internal pressures without deforming (swelling) [13] . The pouch cell makes most efficient use of space as compared to other formats. Eliminating the metal enclosure reduces weight, but the cell needs support and allowance to expand (swell) in the battery compartment [13] .
III. CONSTRUCTION ANALYSIS
The two power banks were disassembled to identify the capacity and energy ratings of the individual cells and the Model RP-PB052 used 4 pouch cells in parallel. As shown in Figure 7 , each pouch cell is labelled as having a rated energy of 19.0 Wh and a rated voltage of 3.8 V. Samples of the cells were then opened, and the electrode morphologies and chemistries were characterized by SEM/EDS (Scanning electron microscope/Energy Dispersive X-Ray Spectroscopy). Figure 8 shows the SEM image of the cathode and Figure 9 shows the SEM image of the anode of the cylindrical cells. EDS analysis shows that the cathode is Li(NiMnCo)O 2 with a ratio of Ni:Mn:Co of approximately 8:1:1. The anode is carbon based and the whiter particles in the anode are silicon. Figure 10 shows the SEM image of the cathode and Figure 11 shows the SEM image of the anode of the pouch cells. EDS analysis shows that the cathode is Li(NiMnCo)O 2 with a ratio of Ni:Mn:Co of approximately 5:3:2 and the anode is carbon based.
The advertised electrical performance characteristics are summarized in Table 1 [12] . The capacity is the total charge (ampere-hours) that can be withdrawn from the fully charged battery in the power bank under a specified set of test conditions [14] . Model RP-PB41 has an advertised battery capacity The maximum current refers to the current capability that each USB port can output individually. The nominal voltage (V b ) is the voltage that is measured when the battery inside the power bank has been discharged to 50% of its total energy [15] . Model RP-PB41 has a nominal battery voltage of 3.7 V and model RP-PB052 has a nominal battery voltage of 3.8 V. The rated energy is the total watt-hours available from the fully charged battery inside the power bank under a specified set of test conditions [16] . The rated energy of the battery is the product of capacity and voltage which in this case is 26.8 Ah × 3.7 V = 99.16 Wh for model RP-PB41 and 22 Ah × 3.8 V = 83.6 Wh for model RP-PB052. The advertised battery energy, however, is not consistent with (is less than) the total rated energy of the 4 pouch cells in the model RP-PB052 (76 Wh).
IV. ADVERTISED CAPACITY VERSUS ACTUAL OUTPUT CAPACITY OF POWER BANKS
While consumers will likely consider that the value of capacity listed on the power bank and in its datasheet, as the actual maximum capacity that will be delivered from the USB port (C out ), this is not always the case. In many cases, the advertised/specified capacity is only the internal battery capacity (C b ) [17] , which is different from C out .
Theory: the output capacity is a function of the output voltage of the power bank As shown in Figure 1 , since the discharge converter in the power bank controls the power and energy flow from the battery to the load, the effect of the charging strategy on the battery charge capacity will not be considered [18] . If one considers the power loss in the discharge converter to be zero and the battery's state of charge operation range is 100%, then per conservation of energy:
The output voltage of the power bank is constant at 5 V and the battery nominal voltage is 3.7 V, then:
Thus, the ratio of the capacity harvested from the power bank (C out ) to the discharge capacity of the battery (C b ) is equal to the ratio of the battery voltage to the output voltage of the power bank:
For the two power banks with cells connected in parallel, the DC-DC converter 1 will be a boost converter that steps up the battery voltage (V b = normally at 3.7 V/3.8 V) of the battery pack to the standard USB 2.0 port voltage (V out = 5 V). For the power bank Model RP-PB41, it is advertised to have a capacity of 26800 mAh (C out ). However, based on (4), the theoretical available (output) capacity of the power bank C out is only 19832 mAh without considering energy loss. This is only 74% of the advertised capacity. Thus, if this power bank is used to charge a device at 2.4 A, it will only last for 9.9 hours instead of 13.4 hours based on our calculation.
Of course, it is likely that consumers will not be aware of the cell configurations nor the above theory associated with the power bank voltage and capacity calculations. Thus, as will be shown, it is imperative that the power bank manufacturers provide the proper data for consumers.
Experimental: To assess the accuracy of the advertised capacity, a USB watt meter and USB load were used to test the capacity and energy of the power banks (see Figure 12 ). The accuracy of the wattmeter was verified by comparing it with the Arbin tester, and the relative deviation of voltage and current readings is 0.67% maximum in the current range 0 -2.4 A. The USB load was set as 2.4 A, which is the advertised maximum output current for a USB port. The output voltage and current of the power bank, accumulated capacity, accumulated energy, elapsed discharge time, and load resistance were displayed on the screen of the watt meter. At the end of discharge, the display was recorded.
As shown in Table 2 , with the loading current of 2.4 A, model RP-PB41 can deliver 15682 mAh capacity and 77.80 Wh energy, which are 59% and 78% of their specified values. Model RP-PB052 can deliver 13740 mAh capacity and 69.96 Wh energy, which are 62% and 84% of their specified values. The tested capacities of the two models are 42% and 38% less than the advertised values, respectively. Experimental results further demonstrate that the real output capacity of the power bank is far less than the advertised capacity. The actual available capacity experimentally determined was as low as roughly 60% of the specified capacity for the two case studies. This is severe, since a 20% drop from the specified capacity is widely considered as end-of-life threshold [19] , [20] . In that sense, the reduction of roughly 40% of advertised capacity indicates a severe degradation level.
The conversion efficiency of the power bank, defined as the ratio of the delivered energy to the advertised energy of the power bank, is 78% for model RP-PB41 and 84% for model RP-PB052. The energy loss can be caused by the discharging converters (on-resistance of semiconductors, switching frequency, etc.) and battery resistances. Thus, the energy that can be delivered from the USB port of a power bank should be specified as well.
As mentioned earlier, the output capacity of a power bank will differ from the capacity of internal battery pack due to the different voltage levels. Some manufacturers do state in their manual or on the device about these differences in capacities. Figure 13 shows one such power bank with specified lower capacity at higher voltage of 5.1 V [20]. There are two capacities advertised on this power bank: 16000 mAh at 3.6 V and 10200 mAh at 5.1 V.
The fast charging option associated with USB-C is available these days in many power banks. In these fast charging ports, voltages as high as 9 V are used to charge the portable electronic devices. This higher output voltage further reduces the output capacity of the power bank. At a same loading current, increasing the output voltage of a power bank from 5 V to 9 V makes the power bank drain more quickly. If the port is correctly marked with actual output capacity of the power bank, then users can make an informed decision of the consequences of using the fast charging option.
V. CONCLUSION
In the last decade the computing requirements and functionalities of consumer portable electronics, especially smartphones, has increased at a rate unmatched by the rate of increase in the energy densities of state-of-the-art Li-ion batteries. This has led to the rise of the power bank industry, which is a series-parallel connected system of Li-ion cells with a conversion circuitry to provide portable charging solutions for devices such as smartphones and tablets.
The experimental results show that the actual available capacity can be as much as 40% less than the advertised capacity by the manufacturer. This is the case due to the ambiguous nature of the specifications and lack of testing standards/procedure for power banks. This can have severe and unsafe consequences for a user of the power bank, who may need their portable devices to operate, for example during activities like driving, hiking or other situations where there is no facility to charge the phone.
Tear-down analysis shows that the energy specified by one of the power banks is higher than total energy specified on the internal cells. Cylindrical and pouch batteries are used in the two power banks and graphite-NMC electrode chemistry was found in both power banks. The theoretical analysis shows that the available output capacity of a power bank will be a function of the output voltage level, thus the output capacity of the two exemplar power banks is 74% ∼ 76% of the advertised capacity. However, experimental results show that only approximately 60% of the advertised capacity can be delivered to users. Besides, the internal circuitry and voltage conversion process use a substantial portion of the internal battery's energy, and thus a power bank cannot deliver all of the internal battery cells' capacity to charge portable electronic devices. Power banks are a form of portable electronic system with battery that should be properly regulated and standardized. It is inappropriate to label and advertise power banks as having a capacity equal to that of its internal battery. In fact, there is no industry or technical standard that justifies labelling a power bank that can recharge portable devices like smart phones and tablets based on the capacity of the internal cells rather than the output the power bank is capable of producing, including the standards promulgated by Underwriters Laboratories and the International Electrotechnical Commission.
We recommend that the power bank industry specifies capacities based on the voltage/current ratings at each output port and specifies energies at each output port so the conversion efficiency of discharge converters in a power bank are considered. This will enable users to make an informed decision about which power bank to buy and how best to use it. APPENDIX See Figure 14 .
